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Summary 

describes the  design and per for -  
dr ive  system of the  Stanford Two- 

Mile Linear Accelerator. The function of  t h i s  
system i s  t o  supply a dr ive  s igna l  of 240 watts 
t o  each of the 240-24 MW k lys t ron  ampl i f ie rs  
whose power acce lera tes  the  beam. The following 
sub-systems are  discussed: A highly s t a b l e  tun- 
able master o s c i l l a t o r  a t  476 MHz, a 17.5 kW CW 
main booster amplifier,  a two-mile temperature 
s t a b i l i z e d  3-118 inch diameter main dr ive  l i ne ,  
30 t imes-six varactor frequency mul t ip l i e r s ,  30 
pulse modulators and sub-booster klystrons,  30 
temperature s t a b i l i z e d  1-5/8 inch diameter sub- 
dr ive  l i nes ,  isolator-phase sh i f t e r - a t t enua to r s  
used before each sub-booster and 24 MW klystron, 
t he  phase-stable interconnecting cables,  and 
standby equipment. 

System Design 

Three basic requirements were o r ig ina l ly  
placed on the  RF system f o r  the acce lera tor :  

1. 
m u s t  be fed t o  each 24 MW k lys t ron .  

2. The RF phase of t he  dr ive  s igna l  t o  
each of these  klystrons must be ad jus tab le  
s o  t h a t  the t r ave l ing  RF wave c r e s t s  i n  the  
acce lera tor  and the  e1ectr:n bunches can be 
made t o  coincide within *5 . This phase 
r e l a t ionsh ip  must be preserved i n  the  pre- 
sence of d a i l y  environmental changes. 

3. 
over a tuning range of k O . 1  MHz centered 
around 2856 MHz. 

The minimum dr ive  requirement f o r  each 24 MW 
k lys t ron  was d i c t a t ed  by the  need t o  operate each 
tube a t  s a tu ra t ion  where output power var ia t ions  
a re  minimized., 

A dr ive  signa; of a t  l e a s t  240 watts 

The phase r e l a t ionsh ip  must be preserved 

The following considerations led  t o  the +5' 
requirement: 

The t o t a l  e lec t ron  energy V is the  sum of T 
the  ind iv idua l  contributions of the  N accelera- 
t o r  sections,  i .e. ,  

N 
v = c vn COS en T 

1 

where Vn i s  the maximum poss ib le  energy ga in  f o r  

a given RF power input and e 
in  sec t ion  n. For small  values o f  Bn and equal 

values of V per sec t ion ,  Eq. (1) may be wr i t ten  

is  t h e  phasing e r r o r  n 

- 
where e2 is  the  average value of 8 '. For t he  n 
acce lera tor  energy t o  a t t a i n  99.52 of i t s  maximum 
value, it is necessary t h a t  @2 = o,ol or rei 5 5". 

The frequency tuning requirement was derived 
from the  need t o  t r a c k  acce le ra to r  s t r u c t u r e  temp- 
e ra tu re  changes with changes i n  t h e  RF d r ive  f r e -  
quency. 
often i n  Stage I (240 k lys t rons) ,  it w i l l  be 
necessary i n  Stage I1 (960 k lys t rons ) .  The f r e -  
quency tuning requirement i n  t u r n  means t h a t  the  
slope of the  phase-frequency c h a r a c t e r i s t i c  of t he  
main transmission l i n e  must be t h e  same as t h a t  of 
an idea l  TEN l i n e  t o  avoid rephasing the  acce lera-  
t o r  whenever the  d r ive  frequency i s  changed. 

While such t racking  is  not  being used 

The system which was b u i l t  t o  meet these  
requirements is  the  RF Drive System, shown i n  
Figure 1.+ 
from the varac tor  mul t ip l i e r  onward is  repeated 
30 times along the length of t he  acce le ra to r .  
The components i n  s e r i e s  wi th in  each t f  these  
p a r a l l e l  paths must exh ib i t  good phase s t a b i l i t y  
with environmental changes i n  order  t o  minimize 
loss  of beam energy and t o  avoid cons tan t  rephas- 
ing of the  acce lera tor .  Consequently, major 
e f f o r t s  were devoted t o  measuring and improving 
the phase s t a b i l i t y  of a l l  components in  the  
p a r a l l e l  paths.  

That por t ion  of t h e  d r ive  system 

Other systems were considered before the  
design shown i n  Figure 1 w a s  s e l ec t ed .  A primary 
consideration was the  main dr ive  l i n e .  S-band 
waveguide was r e j ec t ed  because of high d ispers ion ,  
high a t tenuat ion ,  and expensive temperature con- 
t r o l  requirements. L-band guide was considered, 
including c i r c u l a r  configurations,  but coupler 
problems, multi-mode suppression, and temperature 
cont ro l  problems caused these approaches t o  be 
re jec ted .  An S-band coaxial  l i n e  system would 
have solved the d ispers ion  and temperature pro- 
blems, but t he  a t tenuat ion  a t  2856 MHz was too  high. 
However, a coaxia1 , l ine  operating a t  a sub-harmonlc 
of the acce lera tor  frequency of fered  low attenua- 
t i on ,  and the advent of varac tor  diode 

* 
Work supported by the U.S. Atomic Energy Commission. 

t he  RF phase of each d r ive  s igna l  has been described in  an e a r l i e r  paper'. 
t The Automatic Phasing System which ac tua l ly  determines the phase of the e l ec t ron  bunches and ad jus t s  
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frequency mul t ip l ie rs  provided a means of multi- 
p ly ing  t o  the acce le ra to r  frequency with a r e l i -  
able ,  e f f i c i e n t ,  and phase s t a b l e  device. A 
mul t ip l ica t ion  f a c t o r  of 6 r e su l t ed  i n  an appro- 
p r i a t e  compromise between the  need f o r  a low 
frequency f o r  low a t tenuat ion  i n  the  dr ive  l i ne ,  
and a high frequency f o r  reduced complexity, and 
hence b e t t e r  phase s t a b i l i t y ,  i n  t h e  frequency 
mul t ip l ie r .  I n  the following sec t ions ,  the  
various sub-systems w i l l  be discussed i n  d e t a i l .  

Master Osc i l l a to r  

The master o s c i l l a t o r  i s  the  s t a r t i n g  poin t  
of the r ad io  frequency d r ive  system. The output 
frequency is  476 MHz, the frequency a t  which 
d i s t r i b u t i o n  of RF along the  e n t i r e  two-mile 
length of the  acce lera tor  takes p lace .  The out- 
pu t  power is  8 watts, which, with ample margin 
f o r  losses ,  provides a t  l e a s t  two watts t o  both 
the  on-line and standby main booster ampl i f ie rs .  
The o s c i l l a t o r  has a t u n a b i l i t y  of i16.7 kHz, 
(+ lo0  kHz a t  2856 MHz) and a frequency s t a b i l i t y  
of 1 p a r t  in  107 per  hour. Harmonic and spur i -  

ous output i s  a t  l e a s t  60 dB below c a r r i e r  l eve l ,  
and amplitude s t a b i l i t y  i s  b e t t e r  than i O . 5  dB 
p e r  week. This amplitude s t a b i l i t y  is  necessary 
t o  minimize an amplitude t o  phase conversion i n  
the  subsequent frequency mul t ip l i e r s .  

Both loca l  and remote frequency tuning is 
A 39.67 MHz output i s  provided f o r  ava i lab le .  

d r iv ing  an RF de f l ec to r  i n  the  beam in j ec t ion  
system, and a low l e v e l  476 MHz output i s  provided 
t o  phase lock the standby o s c i l l a t o r  t o  the on- 
l i n e  uni t ,  so  t h a t  instantaneous switching can 
be accomplished i n  the  event of a master o s c i l l a -  
t o r  f a i l u r e .  

A block diagram of the  master o s c i l l a t o r  i s  
given i n  Figure 2. The c r y s t a l  o s c i l l a t o r ,  and 
voltage, amplitude and temperature regulator c i r -  
c u i t s  a re  enclosed i n  a propor t iona l  oven. Fre- 
quency tuning is accomplished by applying a wel l  
regulated voltage through a motor driven poten- 
t iometer t o  a varac tor  diode, which s l i g h t l y  
a l t e r s  t he  frequency of t he  39.67 MHz c r y s t a l  
o s c i l l a t o r .  

The Main Booster Amplifier 

The function of the  main booster is t o  
amplify the  severa l  watt  output of t he  master 
o s c i l l a t o r  t o  a l e v e l  of 17.5 kW a t  476 MHz, f o r  
de l ivery  t o  the  main dr ive  l i n e .  

The output power of 17.5 kW was selected t o  
allow 4.25 watts t o  be ex t rac ted  from the main 
d r ive  l i n e  a t  each of 30 sec tors  with couplers 

'having no c loser  coupling than 10 dB and a f t e r  
l i n e  losses ,  permit about 50 wat ts  t o  be received 
a t  the  f a r  end of the two-mile main drive l i n e  
f o r  d i s t r i b u t i o n  i n t o  the  end s t a t ions .  

The ampl i f ie r  tube is  a UHF Tv type k lys t ron  
having four  ex te rna l  cav i t i e s .  

An unusual f ea tu re  of the  ampl i f ie r  is  the  
high degree o f ' ou tpu t  power s t a b i l i t y :  tO.1 dB 
per week. The output power s t a b i l i t y  requirement 
was d i c t a t ed  by the  f a c t  t h a t  the va rac to r  f r e -  
quency mul t ip l i e r s  driven by the main booster 
ampl i f ie r  show subs t an t i a l  amplitude t o  phase 1 

conversion. Power changes o f  kO.1 dB can produce 
up t o  k0.5" phase s h i f t  a t  the  frequency multi- 
p l i e r  outputs. 

A block diagram of the  main booster ampl i f ie r  
is  given i n  Figure 3. 

Main Drive Line 

The main d r ive  l i n e  transmits 476 m z  power 
from the  main booster located in  the  in j ec to r  
area,  t o  the  end of the  acce lera tor ,  and includes 
30 equally spaced couplers t o  feed input power 
t o  each of 30 frequency mul t ip l i e r s  loca ted  a t  
the beginning of each of t he  30 sec to r s  t h a t  
make up the  machine. The remaining power, a t  
the end of t he  main dr ive  l i ne ,  is  t ransmi t ted  
v i a  1500' of 7/8" Spi ro l ine  coaxial  l i n e  t o  the  
end s t a t i o n s .  
provides 1 w a t t  for Central  Control t o  monitor 
power and frequency of the  dr ive  s i g n a l .  

An e x t r a  coupler a t  Sec tor  28 

The main dr ive  l i n e  cons i s t s  of s l i g h t l y  
over 10,000'of 3-1/8 inch EIA standard copper 
coaxial  l i n e  having an a t tenuat ion  of 0.25 dB 
per 100'. The required input power i s  given by 

N 
P = C P  r 

l n n  
( 3 )  

where Pn i s  the output power a t  t he  

and r i s  the  a t tenuat ion  of the  l i n e  t o  the  nth 

coupler. 

n th  coupler, 

n 

When the  couplers a re  equally spaced and 
de l ive r  equal power, the expression above reduces 
to:  

rN- 1 p =- 
r-1 (4) 

I n  t h i s  case r is  the  a t tenuat ion  between coup- 
l e r s .  This expression l ed  t o  an input  power of 
6 kW. However, t o  provide an add i t iona l  50 wat ts  
a t  the  end of the  main d r ive  l i n e  f o r  use i n  
the end s t a t ions ,  and t o  allow a s a f e t y  f ac to r ,  
the a c t u a l  input power was s e t  a t  1'7.5 kW. 

Environmental Phase S t a b i l i t y  

Environmental f ac to r s  e f f e c t  t h e  phase 
s t a b i l i t y  of t he  main dr ive  l i n e  i n  the  following 
ways : 

1. The length  va r i e s  a s  a function of tem- 
perature. 

2. The d i e l e c t r i c  constant of t he  gas ins ide  
the  l i n e s  va r i e s  due t o  changes i n  the  tem- 
pera ture  t o  pressure r a t i o  (dens i ty)  and 
changes i n  composition (moisture content) .  
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6 ,  

3 .  The d i k l e c t r i c  constant of t h e  Teflon 
center  conductor supports changes wi th  tem- 
pera ture ,  

The phase s h i f t  of the  dr ive  l i n e  is :  

.et (5) 
.e a 

where E = d i e l e c t r i c  cons tan t  of a i r  

fi = &; u + JqT w 

t c  = die lec t r - ic  constant of Teflon 

.ea = length of t h a t  por t ion  of t h e  l i n e  

4 = length of t h a t  por t ion  of t h e  l i n e  

~ center  conductor supports  

f i l l e d  with a i r  

E f i l l e d  with Teflon 

= 1 + ba and f i  = 1 + bt, 
Defining 

760 mmHg, 80"F[760 mmHg, 112°F 

266 x 252 x 

then 

f i =  w = 7u 
C 

- 

dT 
7; 

where T i s  defined as time delay. The t i m e  delay 
e r r o r s  a t  2856 MHz a r e  readi ly  expressed i n  terms 
of phase delay s ince  they a r e  numerically near ly  
equal  (1 picosecond = 1.026"). 

To cont ro l  t h e  length var ia t ions ,  a l l  output 
p o r t s  are r i g i d l y  anchored t o  t h e  concrete  f l o o r  
of the klystron ga l le ry .  The l i n e  i s  supported on 
r o l l e r s  a t  ten-foot  i n t e r v a l s  t o  avoid excessive 
s t resses ,  and var ia t ions  i n  l i n e  length  are taken 
up by expansion sec t ions  which alluw both inner  
and cu ter  conductors t o  s l i d e  p a s t  each other .  

To cont ro l  t h e  phase s h i f t  due t o  changes 
i n  d i e l e c t r i c  constant of the  gas ins ide  t h e  l i n e  
t h e  pressure is  maintained constant wi th in  20.01 
ps i ,  and t h e  tempera tye  i s  regulated t o  wi th in  
*l"F. 6a i s  given by 

-0.492 X -0.440 X 
"F "F 

-6 2 
T 6 = 105 x io 

where P i s  a i r  pressure  
temperature i n  "K. From t h e  expressions above we 

i n  mmHg and T i s  a i r  

(7 1 

d& 
7 is  found from t h e  expansion c o e f f i c i e n t  of 

copper: 9.7 X 10- /OF. The r e l a t i v e  and absolute  
changes i n  t i m e  delay f o r  the  two-mile l i n e  

(7  = 
and pressure are given below i n  Table I. 

Phase Frequency Response 

6 

seconds) per  u n i t  change i n  temperature 

Since t h e  coincidence of t h e  RF d r i v e  s i g n a l  
wave c r e s t  and a r r i v a l  of t h e  e l e c t r o n  bunches 
must be preserved over a tuning range of k O . 1  MHz, 
and t h e  m a x i m u m  a l l o t e d  phase e r r o r  i s  io, t h e  
r e s t r i c t i o n  imposed on t h e  r e l a t i v e  group delay 
of t h e  dr ive  l i n e  is  as follows: 

Let fie = t o t a l  phase s h i f t  of t h e  beam 

6, 
T 

T = group delay of RF wave 

From t h e  a e f i n i t i o n  of group delay w e  have: 

= t o t a l  phase s h i f t  of RIF wave 

= group delay of beam (beam length 
ge divided by beam v e l o c i t y )  

gur 

&fie = 7 6 6 6  = 7 6w 
ge w' w g w  

The r e l a t i v e  group delay of t h e  dr ive  l i n e  
is r e l a t e d  t o  the  phase e r r o r  to le rance  by: 

For 
66 = 1' allowable e r r o r  

T = seconds group delay of beam 
ge 

Af = 20.1 MHz 

t h e  r e l a t i v e  group delay of t h e  wave is  constrained 
t o  t h e  range 0.99 t o  1.003. 
beam and wave t r a v e l  a r e  i d e n t i c a l  then t h i s  con- 
s t r a i n t  appl ies  t o  t h e  r e l a t i v e  group veloci ty ,  

If t h e  length of t h e  

- . The r e l a t i v e  group ve loc i ty  of t h e  beam 
2 C 

d i f f e r s  from uni ty  by l/y where 7 is  t h e  r a t i o  
of t o t a l  mass t o  t h e  r e s t  mass of , the e lec t ron .  
Thus a f t e r  the  f i r s t  few f e e t  of acce lera t ion  

T = Le where L i s  t h e  t o t a l  length of t h e  beam. 
ge 7 

The r e l a t i v e  group delay of t h e  wave is ef fec ted  
by t h e  d i e l e c t r i c  loading due t o  inner  conductor 
supports. This slows down t h e  wave, which reduces 
t h e  group veloci ty .  I n  addition, t h e  supports 
present  per iodic  d i s c o n t i n u i t i e s  along the  l i n e .  
The r e f l e c t i o n  from t h e  d i s c o n t i n u i t i e s  may increase 
or decrease group delay. O f  these two e f f e c t s  t h e  
l a r g e r  is  d i e l e c t r i c  loading. This introduces a 
maximum delay of i n  t h e  order of 10 nanoseconds. 
The l a t t e r  e f f e c t  i s  proport ional  t o  the  product 
of t h e  r e f l e c t i o n  coef f ic ien ts  of individual  
r e f l e c t i o n  coef f ic ien ts  t h a t  a r e  of t h e  order  of 
0.05. 

Table I 

18.; i']"I'.l',; 10;:;i 

AT -4.92 psec/"F -4.41 psec/'F 

181 sec s i  17.15' sec 

1 micron, 8 0 ' ~  

0.35 X 

-0.648 x 

0.35 x 10-l$m.a-cn 

-0.648 psec/"F 

0.35 psec/micron 

OF 

... 

.. . . . . . .  . 
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Sub-Drive Lines 

Each of 30 sub-drive l i n e s  t ransmits  60 kW 
peak power output from the  sub-boosters and d is -  
t r i b u t e s  t h i s  power equal ly  t o  e i g h t  24 MW peak 
power klystrons.  Because t h e  length of each sub- 
dr ive  l i n e  is  1/30 the  length  of the  main dr ive  
l i n e ,  t h e  r e l a t i v e  phase frequency response and 
phase time v a r i a t i o n  can be relaxed by t h e  same 
f a c t o r ,  The sub-drive l i n e s  a r e  1-5/8 inch EIA 
standard copper coaxial  l i n e .  

Varactor Frequency Mul t ip l ie rs  

The freauency m u l t i p l i e r  receives  4.25 watts 
input from t h e  main dr ive  l i n e ,  mul t ip l ies  by a 
f a c t o r  of  6 t o  2856 MHz and generates 400 mW a t  
the output frequency f o r  de l ivery  t o  the sub- 
booster klystron.  

The phase s t a b i l i t y  requirement i s  +lo per  
week between outputs of any two mul t ip l ie rs .  

A block diagram of t h e  frequency mul t ip l ie r  
i s  given i n  Figure 4. 

Referring t o  Figure 4, t h e  funct ion of the 
input  a t tenuator  is  t o  ad jus t  the  input power t o  
t h e  prec ise  value required f o r  maximum phase 
s t a b i l i t y .  The double oven maintains t h e  tem- 
pera ture  of t h e  m u l t i p l i e r  c i r c u i t r y  a t  6 8 " ~  
k0.l"C. 
outputs (mainly 5th and 7 t h  harmonics of t h e  
input frequency). A b i a s  supply r a t h e r  than 
se l f -b ias ing  i s  used f o r  two reasons: 

The band pass f i l t e r  e l iminates  spurious 

1. S t a r t i n g  problems are reduced by the  use 
of f ixed  b i a s ;  

2. It has been found possible  t o  minimize 
phase s h i f t  as a funct ion of dr ive  power by 
small adjustments of bias .  

Sub-Booster Klystron and Modulator 

The sub-booster klystron suppl ies  t h e  sub- 
d r i v e  l i n e  with 2856 MHz pulse  power t o  dr ive  
t h e  8 24 w klys t ron  amplif iers  of each 333' sec tor .  

A 60 kW klys t ron  with a gain of 60 dB w a s  
developed f o r  t h i s  purpose. The tube is  water 
cooled and uses an i n t e g r a l  per iodic  permanent 
magnet f o r  focusing. The 60 kW output provides 
s u f f i c i e n t  parer  f o r  Stage I1 (960 klys t rons)  
wi th  a 9 dB margin f o r  compensate f o r  losses  i n  
t h e  E? path  t o  each 24 MW klystron.  

In order  t o  s a t i s f y  t h e  s t r ingent  s t a b i l i t y  
requirements of t h e  RF dr ive  system, it w a s  
necessary t o  design a very high qua l i ty  modulator. 
The s p e c i f i c a t i o n  on vol tage s t a b i l i t y  i s  *0.04$ 
droop and r i p p l e  within a pulse ,  and ?0.32$0 d r i f t  
i n  a per iod of one week, . S i n c e  it was qui te  
d i f f i c u l t  t o  make d i r e c t  voltage measurements on 
t h e  modulator, a measurement w a s  made of t h e  phase 
sh i f t  across t h e  sub-booster klystron, using a 
highly s t a b l e  bridge and t h e  measured phase 
s h i f t s  were then r e l a t e d  mathematically t o  voltage 
var ia t ions  i n  t h e  modulator. 

I s o l a t o r  - Phase S h i f t e r  - Attenuator  Units 

Tne funct ion of  t h e  Isolator-Phase S h i f t e r -  
Attenuator (@A) u n i t  i s  t o  c o n t r o l  t h e  amplitude 
and phase of the  d r i v e  s i g n a l s  reaching each sub- 
booster k lys t ron  and each 24 w klystron.  

The u n i t  c o n s i s t s  of t h e  following components: 

1. A l e v e l - s e t  a t tenuator ,  0 t o  25 dB 

2. A pro tec t ion  a t tenuator ,  0 t o  25 dB 

3 .  A phase s h i f t e r  

4. A 30 dB i s o l a t o r .  

With t h e  l e v e l - s e t  a t tenuator  the  d r i v e  l e v e l  i s  
adjusted f o r  s a t u r a t i o n  of t h e  k lys t ron .  The 
pro tec t ion  a t tenuator  prevents  sudden appl ica t ion  
of RF power t o  the  k lys t ron  window. It has been 
found t h a t  slow appl ica t ion  of FP d r i v e  g r e a t l y  
reduces t h e  r a t e  of window f a i l u r e .  The 30 dB 
i s o l a t o r  was incorporated i n  t h e  I$A u n i t  t o  
prevent mismatch a t  t h e  output  of t h e  I$A u n i t  
from causing phase e r r o r s  a t  other  sub-drive l i n e  
couplers,  and t o  i s o l a t e  t h e  phase s h i f t e r .  

The four  components l i s t e d  above, and t h e  
necessary motor dr ives  were placed toge ther  i n  a 
compact u n i t .  
i n s t a l l e d  i n  t h e  sub-booster modulator cabinet .  
The 24 MW @A u n i t s  are i n s t a l l e d  i n  a rack 
adjacent  t o  each 24 MW klystron.  

The sub-booster I$A units a r e  

Dropout Cab les  

The dropout 'cables a r e  used t o  connect a l l  
the  u n i t s  and systems together :  The main dr ive  
l i n e  t o  t h e  varac tor  mul t ip l ie rs ,  t h e  varac tor  
mul t ip l ie rs  t o  t h e  sub-b o s t e r  @A, t h e  sub-booster 
I$A t o  t h e  sub-booster klystron,  t h e  sub-drive 
l i n e  t o  t h e  24 MW k lys t ron  I$A and t h e  I$A t o  t h e  
24 iqw klystron.  The dropout cables  a r e  a foam 
d i e l e c t r i c  semi-f lexible  coaxia l  l i n e  having a 
phase s t a b i l i t y  of k0.60 e l e c t r i c a l  degrees p e r  
foot  from 6 0 ' ~  t o  100°F, and kO.91 e l e c t r i c a l  
degrees per  f o o t  from 100°F t o  130°F. 

Standby Equipment 

To improve t h e  r e l i a b i l i t y  of the  RF dr ive  
system, s e v e r a l  items of equipment are backed up 
by standby equipment. One operat ing spare  is  
ava i lab le  a t  a l l  times f o r  t h e  master o s c i l l a t o r ,  
t h e  main booster ampl i f ie r  and t h e  sub-booster 
modulator of Sec tor  1. For t h i s  equipment automa- 
t i c  switching is  provided i n  the  event  zf f a i l u r e .  
Manual switching can a l s o  b e  performed, e i t h e r  
from Central  Control Room, or l o c a l l y  a t  the  mas- 
t e r  o s c i l l a t t r  rack i n  Sector  1. 

Performance 

The master o s c i l l a t o r s  have operated satis- 
f a c t o r i l y  with v i r t u a l l y  no maintenance over a 
per iod of two years .  



F A R U S  ET AL: DESIGN AND PERFORMANCE OF THE SLAC R F  DRIVE SYSTEM 

Main booster and sub-booster k lys t ron  l i f e  
has been wel l  i n  excess of guaranteed l i f e .  Sub- 
booster modulator switch tubes have been a pro- 
blem, but an improved tube has resu l ted  i n  longer 
l i fe .  

Long term phase s t a b i l i t y  measurements on a 
2000' length of main dr ive  l ine ,  with t h e  r e s u l t s  
extrapolated t o  t h e  e n t i r e  length  ind ica te  less 
than 7" phase s h i f t  i n  60 hours. 
measurements, extrapolated i n  a similar manner, 
gave a value of 0.9975. 
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